Abstract Although rodent allergy has long been recognized as an occupational disease, it has only been in the past decade that it has been recognized as a community-based disease that affects children. Most homes in the US have detectable mouse allergen, but the concentrations in inner-city homes are orders of magnitude higher than those found in suburban homes. Home mouse allergen exposure has been linked to sensitization to mouse, and children with asthma who are both sensitized and exposed to high mouse allergen concentrations at home are at greater risk for symptoms, exacerbations and reduced lung function. Rat allergen is found primarily in inner-city homes and has also been linked to asthma morbidity among sensitized children. The objective of this review is to summarize the scientific literature on rodents and their allergens, the effects of exposure to these allergens on allergic respiratory disease, and to make recommendations, based on this evidence base, for the evaluation and management of mouse allergy in the pediatric population.
Introduction
The major mouse allergen, Mus m 1, is a 16-19kD lipocalin that is excreted in large amounts in the urine, but can also be found in other biologic material such as epithelium [1, 2] . Mus m 1 is a pheromone-binding protein that is involved in mating habits, and its production is regulated by sex steroids so that it is found in much higher quantities in urine from male than female mice [3] . It is carried on small particles, with the bulk of it found on particles 10 microns or less in diameter [4] , so that it is readily airborne and remains so for prolonged periods of time. In occupational settings, it is detected in air samples collected from areas away from mice and is thought to travel from one location to another by a combination of airborne travel and transfer of the allergen on people's clothing [4] [5] [6] . A second mouse allergen, Mus m 2, has also been described and is found primarily in hair and dander [1] . Rat n 1 is the major rat allergen and has high homology with Mus m 1 [7] . It, too, is a pheromone-binding protein of the lipocalin family that is primary excreted in urine. It is also carried on small particles so is readily detectable in the air.
Exposure in Community Settings
Mus m 1 is found in settled dust samples from almost all inner-city homes [8] and 75-80 % of US homes [9] [10] [11] [12] . Although the prevalence of the allergen is high even in suburban communities, the concentration of mouse allergen varies greatly between inner-city communities and noninner-city communities, with concentrations being as much as 1,000-fold greater in inner cities. In one study of inner-city children with asthma, >85 % of bedroom air samples had detectable mouse allergen, and approximately 25 % had airborne concentrations similar to those seen in some occupational settings [10] . However, even among inner-city communities, there is variability in mouse allergen concentrations. Inner-city neighborhoods in the Northeastern and Midwestern US cities tend to have higher concentrations than inner-city neighborhoods in the West [13] . In addition, certain home characteristics have been associated with higher concentrations of mouse allergen. These include the presence of holes or cracks in the walls or doors, report of mouse sightings, and the presence or report of cockroaches [8, 14, 15] . The presence of a cat in the home is associated with lower mouse allergen concentrations; however, in our studies, most inner-city children with asthma who are mouse sensitized are also cat sensitized, so acquiring a cat is not a viable strategy for trying to improve asthma in this population. Although children should not be exposed directly through occupational sources, one study suggests that adults who work with rodents may passively transfer allergen from their work environments to their homes [16] . Children are, however, exposed in schools and daycare centers, and in some cases may be exposed to higher levels at school than at home [17•, 18] . Rat allergen has been studied less than mouse allergen; one multi-center innercity asthma study found that it was detectable in approximately one-third of settled dust samples from inner-city homes [19] . The difference in the prevalence of rat and mouse allergens is consistent with the behaviors of these two rodents as rats tend to be outdoor dwellers and mice indoor dwellers.
Sensitization
Children with persistent asthma from urban communities should be evaluated for mouse sensitization. The currently available tools include allergy skin testing and specific IgE testing. Commercially available extracts in the US are mouse epithelial extracts and are not urinary extracts. The extracts are also not standardized, and there is likely at least a ten-fold range in the Mus m 1 concentration of these extracts [20] . Specific IgE tests are available on the ImmunoCAP platform for mouse urine, mouse epithelium and mouse serum, and nasal challenge studies in adults suggest that mouse urinespecific IgE and/or skin prick testing are the best tests for identifying clinically relevant sensitization [20] . To my knowledge, diagnostic testing for rat allergy in community populations has not been studied.
The prevalence of mouse sensitization varies from community to community, with one multi-center study finding that 18 % of inner-city asthmatics are sensitized [21] , but in some inner-city communities, as many as 50 % are sensitized [22•] . Prevalence of sensitization in suburban and rural asthmatics is approximately 12-13 % [11, 23] , but the overall prevalence of mouse-specific IgE in the US population is only 1 % [24] ; however, some of the difference in sensitization prevalence between these two types of populations may be due to use of skin testing in the asthmatic populations and specific IgE testing in the US population-based survey. The prevalence of sensitization to rat in the US population is also 1 % [24] , which is not surprising given the high degree of homology at the amino acid level between mouse and rat allergens [25] , and our own observation in occupational and inner-city asthma populations is that sensitization to the two allergens is highly concordant.
Immunologic and Health Effects of Rodent Allergen Exposure
Mouse sensitization is associated with home mouse allergen exposure [21] ; the risk of sensitization tends to increase with increasing concentrations of mouse allergen, although some evidence suggests that the risk of sensitization may be attenuated at extremely high concentrations of exposure [26] . Mouse-specific IgG is generally associated with exposure and appears to be common in inner-city children with asthma, but its significance is unclear. Whether exposure reduction can reduce the risk of developing sensitization remains unclear, but the lack of success of environmental interventions in primary prevention of sensitization to other indoor allergens suggests that it is unlikely to be of benefit. In addition, mouse sensitization in early life was associated with an increased risk of wheeze, rhinitis and eczema by age 3 in one inner-city birth cohort, suggesting that it is a risk factor not only for asthma, but also other allergic diseases including rhinitis and eczema [27] .
Mouse allergen exposure has repeatedly been linked to worse asthma among sensitized urban children with asthma, particularly in Northeastern and Midwestern US cities [9, 13, 22•] . In communities where mouse infestation is common, as many as 40 % of children with persistent, uncontrolled asthma are both sensitized and exposed to mouse allergen, suggesting that mouse allergen plays an important role in a large proportion of asthmatic children in these communities. Even though mouse sensitization is uncommon in the US population as a whole, those who report doctor-diagnosed allergies and are exposed to higher mouse allergen concentrations have a greater risk of current asthma [28] . Although several studies have defined exposure as a level above a particular threshold, there appears to be a dose-response relationship between exposure and asthma morbidity [29•] , suggesting that reductions in home mouse allergen concentrations should result in a reduction in asthma morbidity. Although mouse allergen concentrations in dust from sites throughout a home are strongly correlated, mouse allergen concentrations in the bed may be most strongly associated with a range of clinical markers of asthma, including lung function, exhaled nitric oxide and acute visits. Importantly, a recent study of Baltimore children with asthma found that mouse allergen was the major contributor to asthma morbidity in that community and that other major indoor allergens, including cockroach, contributed little to asthma morbidity [22•] . This recent study highlights the fact that mouse allergen may be the major driver of asthma morbidity in some inner-city communities. With respect to the health effects of rat allergen in community populations, there are many fewer studies. One multi-center inner-city asthma study reported an association between rat allergen exposure and asthma morbidity among rat-sensitized children [19] . Although rat allergen exposure is likely an important contributor to asthma morbidity in some children, it is important to note that only approximately one third of inner-city children with asthma had detectable rat allergen in their homes, suggesting that fewer children are affected by rat than mouse allergen.
Home Rodent Allergen Interventions
Because of the strong association between home mouse allergen exposure and asthma morbidity in inner cities, there is great interest in approaches to reduce home mouse allergen exposure as a means of improving asthma. One pilot study demonstrated that a professionally administered integrated pest management intervention reduced mouse allergen concentrations by at least 75 % [30] . This intervention was developed by a pest management professional and included education regarding the best housekeeping practices to eliminate food sources; emphasis on exclusion work, which includes sealing all holes and cracks that can serve as entry points for mice; placement of traps; and in heavily infested homes, application of low toxicity rodenticide out of reach of pets and children. Recommended housekeeping practices include using food storage containers with lids that are very difficult for mice to chew through, restricting eating to the kitchen and dining areas of the home, and sweeping floors and cleaning off countertops immediately after eating. Since mice can enter homes through holes as small as ¼ inch in diameter, careful inspection with a flashlight and, in some cases, an angled mirror is required to identify potential entry points. Moving appliances away from walls or surrounding cabinetry is also important for both cleaning up allergen reservoirs and locating potential entry points. The most commonly used trap, the snap trap, is very effective, and a variety of baits, including peanut butter and sesame oil, are effective. Bait blocks are not recommended, and many pesticides must be applied by licensed pest management professionals. Similar approaches should be effective to eradicate rats, but there are scant data in regards to home interventions for rats.
All of the above approaches are useful for removing mice, the source of the allergen, but additional approaches, in conjunction with integrated pest management, may also help to reduce allergen concentrations. For example, portable air purifiers are known to reduce airborne particulate matter by as much as 25-50 % [31, 32] , and since mouse allergen is found on these particles, it is possible that air purifiers may be helpful. In addition, the bed is an important reservoir of mouse allergen, and allergen-proof mattress and pillow encasements that are effective for other animal allergens [33] , which are also found on small particles, may be a helpful adjunctive strategy for reducing exposure. However, the efficacy of neither air purifiers nor allergen-proof mattress and pillow encasements in reducing mouse allergen concentrations has been studied.
Although it would be reasonable to expect that a substantial reduction of mouse allergen concentrations would result in an improvement in asthma in sensitized children, this notion has not been fully tested in a clinical trial. One multi-center randomized controlled trial in rodent-sensitized asthmatic children was largely negative, but the intervention achieved only a small reduction in home mouse allergen concentrations (27 %), likely because the intervention was not administered by pest management professionals and primarily relied on parents/guardians to implement it [13] . Nevertheless, a posthoc analysis of children whose homes had at least a 50 % reduction in mouse allergen concentrations suggested an improvement in a couple of quality-of-life related outcomes. A multi-center clinical trial of a professionally delivered IPM intervention that includes air purifiers and mattress and pillow encasements is underway and should provide important information about the efficacy of a comprehensive home intervention aimed at mouse allergen.
Evaluation of Sensitization and Exposure in Pediatric Patients: Practical Considerations
An important consideration in patient evaluation is whether the community in which he/she resides is likely to have high concentrations of mouse allergen. Assessment of mouse sensitization is important for children with persistent asthma living in urban areas, particularly in the Northeastern or Midwestern US. In addition, if the parent reports seeing evidence of mice (such as droppings, chewed materials) or mice, the patient should also be assessed for sensitization. Although most of the scientific literature focuses on asthma, at least one study has linked mouse sensitization to rhinitis [27] , so children with perennial rhinitis symptoms from urban communities should also be evaluated for mouse sensitization. As discussed above, either skin prick testing or mouse urinespecific IgE testing is appropriate for evaluation of sensitization (Table 1) .
Assessment of exposure is quite feasible in the research setting but difficult in the clinical setting, particularly when the patients who are affected may not be able to pay out of pocket for an environmental assessment. In addition to knowledge about mouse infestation in the community, a history elicited from the parents that they have seen evidence of mice or mice is very helpful as it provides confirmation that the allergen is present, and potentially present in high concentrations [34] . A negative history, however, does not rule out clinically relevant concentrations of mouse allergen, particularly when a patient resides in a community where infestation is common; this patient still deserves assessment of mouse sensitization. A negative history when a patient resides in a community where infestation is rare suggests that mouse allergen exposure is very unlikely to be contributing to his/her asthma. It is important to note, however, that there are home environmental assessment services available in many communities and that even when this service is not available, a patient can collect a dust sample from their home and send it to a commercial laboratory for measurement of mouse allergen. Third party payers do not cover the costs of these services in many cases, but in some communities these services are available for free through health departments or non-profit agencies. A high-quality licensed professional pest management specialist will also perform a thorough home assessment as a part of his/her service and be able to provide an assessment of infestation.
If a patient is sensitized and there is reason to suspect exposure in the home, the first step is to eradicate the source of the allergen, or the mice. There are some steps that families can take that can be successful in eradicating the infestation [35•] ; these steps include institution of housekeeping practices such as those discussed above that eliminate food sources for mice and identification and sealing of holes through which mice could enter the home. Using caulk alone has limited effectiveness as mice can chew through the dried caulk. Instead, use of copper mesh along with caulking material is best. Families should also set traps and place them in locations where they have seen evidence of mice. In some cases, pest management services are needed, and a high-quality pest management professional should be employed. Determining which pest management companies provide high-quality service can be challenging, but high-quality companies are those that thoroughly inspect the home (including pulling out appliances in the kitchen, checking for gaps around pipes where they enter the home, assessing heating units), emphasize exclusion work (sealing of all holes and cracks), opt for rodenticide only when necessary and avoid use of bait blocks.
In addition to removing the source of the allergen, measures that might help reduce the concentration of the allergen in the home include washing of all bed linens frequently in hot water and use of allergen-proof mattress and pillow encasements. None of these abatement measures has been studied for mouse allergen, but they may help reduce exposure to mouse allergen that has accumulated in bedding. Air purifiers have not been studied for mouse allergen, but clinical trials indicate that HEPA purifiers reduce airborne particles by at least 25-50 %, and because mouse allergen is readily airborne, use of air purifiers may reduce concentrations of mouse allergen in the air. However, given the fact that similar interventions aimed at reducing pet allergen concentrations when the pet remains in the home are not very effective, it is likely that the single most important step for reducing home mouse allergen exposure is eradication of the infestation. Finally, although mouse extracts for allergen immunotherapy are commercially available, immunotherapy has not been studied in children with mouse allergy and asthma.
Conclusions
Rodent allergens are a significant cause of asthma morbidity in children, particularly those living in low-income urban areas. Children with persistent asthma living in communities where mouse infestation is common, or whose parent reports evidence of mice in the home, should be assessed for sensitization to mouse. Although eradication of infestation can be challenging, integrated pest management approaches can result in substantial reductions in home mouse allergen levels. • Although mouse allergen is found in most homes in the US, concentrations in urban homes in the Northeastern and Midwestern US are orders of magnitude higher than other homes in the US • Skin prick testing and/or specific IgE testing are useful for identifying patients with clinically relevant sensitization • Although dust samples can be sent to commercial laboratories for analysis of mouse allergen content, a good history focused on sightings of mice or evidence of mice and general knowledge of mouse infestation in the community can be helpful in identifying children who are likely to be exposed • Significant exposure reduction can be achieved by eradication of infestation ○ Setting traps ○ Thorough inspection to identify holes and cracks, sealing of holes and cracks with copper mesh and caulk ○ Meticulous cleaning of kitchen and dining areas after food consumption ○ Storage of foods in chew-proof, sealed containers ○ Professionally applied rodenticide, if needed • Additional measures that may help reduce home mouse allergen exposure include: ○ Washing all bed linens in hot water every 2 weeks ○ Use of allergen-proof mattress and pillow encasements ○ HEPA purifiers
